A novel scheme for multimode 1 × 2 and 1 × 4 splitters is proposed. These devices differ from conventional 1 × 2 and 1 × 4 multimode interference splitters, as they do not rely on the interference between the excited modes propagating in the multimode region. Instead, their functionality is based on the principle that in an asymmetric multi-pronged splitter, the power in each excited mode can be directed unambiguously into one of the single-mode output channels with minimal cross-talk between channels. The geometry and relative position of the single-mode input waveguide of the 1 × 2 and 1 × 4 splitters is optimised to split the input power as evenly as possible between the two and four output channels, respectively, and to minimise the excess loss of the device. A simple low-power single-mode tap, based on the same principle, is also investigated and its excess loss and wavelength dependence determined.
Introduction
There is increasing interest in the application of multimode interference (MMI) splitters to photonics integrated circuits for optical signal distribution between channels. Compared to concatenations of single-mode couplers or Y-junction splitters, MMI splitters are attractive alternatives because of their compactness, low excess loss, wide bandwidth and acceptable manufacturing tolerances [1, 2] . A simple 1 × 4 MMI splitter is illustrated schematically in Fig. 1 . A single-mode input channel leads symmetrically into the central multimoded region to excite its even modes. Four identical singlemode output channels are strategically located at the end of the multimode section. For convenience, and with a view to fabrication using standard PECVD/RIE deposition/etching techniques, we assume a step-profile.
In this example, light propagates in the fundamental mode of the input channel. At the junction between the input and multimode sections, the abrupt change in crosssection and the symmetry of the device ensures that the fundamental mode excites the even modes of the multimode section. The propagation constants of these modes are approximately uniformly spaced, and their superposition leads to periodic beating along the length of the device. Where constructive interference occurs, this results in four bright spots in the cross-section of the channel. If the axes of four single-mode output channels are positioned to coincide with these maxima, then a four-way split occurs and close to 25% of the total power guided in the modes of the multimode section leaves in the fundamental mode of each output channel.
The MMI in Fig. 1 necessarily has a finite length because of the distance required to achieve constructive interference between the modes. Furthermore, this distance is wavelength dependent, because the beat length depends on the difference in propagation constants between successive pairs of modes, which in turn varies with the wavelength of the source.
Mode Demultiplexing Splitters
Here we propose an alternative approach to the 1 × 4 MMI splitter which is based only on the redistribution of the power of the single-mode input between the modes of a multimode section and does not rely on any interference effects. We refer to the new device as a multimode demultiplexing (MMD) 1 × 4 splitter, since it relies on guiding the power of each excited mode in the multimode section into separate output channels. Its functionality is best described with reference to Fig. 2 .
The incoming fundamental mode in the single-mode channel to the left of the crosssection AB excites four modes, i.e. the first two even and first two odd modes, of the multimode central section. In order to excite both the even and odd modes, the input channel of the MMD device is off-centre. We also analyse the 1 × 2 version of this device shown in Fig. 3 . The total width of the multimode section of the 1 × 4 MMD is roughly one quarter of that of the 1 × 4 MMI, which in this paper we choose to support approximately 16 modes (8 even and 7 or 8 odd). This is of relevance to the spectral range of the functioning of the device.
Once the four modes in the central multimode region of Fig. 2 are excited, the power in each mode is channelled approximately adiabatically into one of the four single-mode output channels labelled 1 to 4. At the interface AB, successive channels 1-4 have decreasing core widths, but are then gradually separated and tapered as shown schematically so that at the cross-section CD each channel is single-moded with the same core width as the input channel. With this arrangement, the power in the lowest-order, or fundamental mode leaves through channel 1, corresponding to the widest core at AB, and the power in successive higher-order modes leaves through channels 2,3 and 4, corresponding to the decreasing core widths on AB. In other words, the power in each output channel at the cross-section CD is approximately equal to the power exciting the appropriate higher-order mode at the cross-section AB . Fig. 4 gives the results of numerical simulations of the channeling each of the four modes to illustrate this process. The simulations use the finite difference method described in Section 3.6. The 1 × 2 splitter functions in an analogous manner, and is illustrated in Fig. 3 .
In order to minimise cross-talk, or coupling, between modes as they propagate from the cross-section AB to the cross-section CD in Fig. 2 , an adiabaticity criterion has been derived to determine the rate at which the four channels can be separated [3] .
1 × 2 Low-power tap
We consider the 1 × 2 MMD splitter for use as a low-power tap. It is well-known that a 3dB 1 × 2 wavelength-independent split can be achieved using a single-mode symmetric Y-junction [4] , whereas it is not possible to achieve a low-power tap using a highly asymmetric single-mode Y-junction. The incoming fundamental mode (and hence the power) in the stem of the Y-junction follows the wider arm, assuming the device is adiabatic. It is, however, possible to achieve a low-power split using the design of MMD splitter illustrated in Fig. 5 .
The modus operandi of this device is identical to that of the 1 × 2 splitter in Fig. 3 , except that due to the near symmetric position of the input channel, there is a weak excitation of the second mode at AB, and therefore only a small amount of power exits through channel 2 at CD.
In this paper, we investigate the functionality of the proposed devices and determine the optimum geometry which for the 1 × 2 and 1 × 4 MMD splitters will: (i) minimise the power variation between the four output channels; and (ii) minimise wavelength sensitivity, while for the 1 × 2 MMD tap the optimum geometry will: (i) give an appropriate power distribution between the two output channels; and (ii) minimise wavelength sensitivity.
Mathematical Model
We analyse and quantify the properties of the 1 × 4 MMD splitter and the 1 × 2 MMD splitter and low-power tap using appropriate simplifying assumptions. Firstly, we work with slab models as this enables virtually all of the analysis to be performed analytically. The results would not be expected to deviate significantly from a full three-dimensional analysis of splitters with square/rectangular core cross-sections. The analysis of the latter is straightforward, but requires a purely numerical approach as there are no analytical solutions of the scalar wave equation for the square or rectangular-core stepprofile dielectric waveguide [4] . Secondly, we work within the weak-guidance approximation for the analysis, as the present work is premised on possible fabrication using silica-based planar devices with a relatively small difference in index between the core and the cladding [4] . This enables us to use the scalar solutions of the scalar wave equation rather than the full vector solutions of Maxwell's equations [5] .
Modes of the slab model
If we orientate Cartesian axes such that the z-axis is parallel to the direction of propagation through the devices and the x-axis is in the transverse direction, then the modal fields on either side of the interface AB have the two-dimensional form
where β p is the propagation constant and ψ p (x) is the modal field of the p'th mode of the one-dimensional scalar wave equation
where k = 2π/λ is the free space wavenumber of the source, λ is the free space wavelength, and n(x) is the refractive index profile in the device cross-section. The solutions of this equation for the modal fields of the even and odd modes of the step-profile slab waveguide have simple analytical forms which are well known [5] . The eigenvalue equations for the propagation constants are readily derived from the continuity of the modal fields and their first derivatives at the core-cladding interfaces [5] . These equations are transcendental and can be solved using standard numerical methods. The number of modes supported by the multimode waveguide depends on the corresponding V-parameter defined by
In order for only four modes to propagate in the multimode section in Fig. 2 , the condition 3π/2 < V m < 2π must be satisfied, while for only two modes to propagate in the multimode section in Fig. 3 , the condition is π/2 < V m < π. Since V m depends explicitly on the source wavelength through Eqn. 3, the range of wavelengths for which either 4-mode or 2-mode operation is possible is restricted. Similarly, the input and output single-mode regions have a V-value defined by
so that single-mode operation requires V s < π/2.
Excitation at the interface
The excitation amplitude a p of the p'th mode in the multimode section is given by the overlap integral between the single-mode input field ψ (i) (x) with the field of the p'th mode of the multimode section, ψ 
The fraction of incident power excited in each mode, f p , is then calculated from the ratio
The ψ (i) (x) and the ψ (m)
p (x) have simple analytical forms in terms of trigonometric functions in the core and exponential functions in the cladding, so that all of the integrals in Eqns. 5 and 6 are readily performed analytically.
Reflection and excess loss
In this analysis we ignore the effect of reflection of the fundamental mode from the interfaces AB in Figs. 2 and 3 . Using Fresnel's laws, the reflected power can be shown to be of the order of (n co − n cl ) 2 /(n co + n cl ) 2 . Since we are assuming that the relative difference between the indices is small, of the order of 0.5% , the reflected power is then of the order of 10 −4 , or at least 40dB down on the transmitted signal across the interface.
The excess loss of the devices is given by the difference between the sum of the powers exiting the output ports in each fundamental mode and the power entering the device in the input fundamental mode. Using Eqn. 6, and ignoring the transmission and coupling losses from each mode as it propagates from the interface AB to the output ports at CD, the excess loss is expressible in dB as
where M=2 or 4. The excess loss due to the modal evolution from a higher-order mode into a fundamental mode between AB and CD has been already been investigated [3] . For the 1 × 2 splitter, the optimal design results in an excess loss of about 0.6dB, with an extinction ratio of -32dB between the two output modes. For the 1 × 4 splitter, the excess loss is about 0.2dB, with an extinction ratio of -25dB.
Imbalance
The excitation of the modes at the interface AB in Figs. 2 and 3 by the incoming fundamental mode is generally unequal. Accordingly, we need to establish a measure of the variation in power between all the output fundamental modes, and adopt the following definition based on the standard deviation
where f = M j=1 f j . Thus there will be zero imbalance if all M modes are excited equally.
MMI splitter
For the purpose of comparison, we evaluate the performance of the 1× 4 MMI splitters. The amplitudes, a p , of excitation of the eight even modes in the multimode section in Fig. 1 splitter are readily calculated using the expressions developed above. The total field E(x,z) at a distance z along the device from the interface AB is then given by
By examining the transverse dependence of E(x,z) as z increases, it is straightforward to determine the position at which constructive interference occurs between the modes and the corresponding distribution of power between the output channels.
Comparative study using finite difference scheme
Our method of device analysis is based on the excitation and propagation of its bound modes. This method is simple and efficient, however for comparison, and in order to illustrate the function of the 1 × 4 MMD splitter more clearly, we also present the results of a finite differences scheme which integrates the scalar wave equation directly.
Results
All the results are premised on index values which can be realised in silica-based PECVD/RIE-fabricated planar waveguides. Accordingly, we use n co = 1.454 and n cl = 1.447 throughout, corresponding to a relative index difference ∆ = 0.007. The strategy is to minimise the excess loss, defined by Eqn. 7, and the imbalance, defined by Eqn. 8, subject to the constraints on the permissible range of values of V m and V s . In presenting the results, it is convenient to introduce normalised cross-sectional dimensions for the splitters. Accordingly, we define e to be the ratio of the single-mode and multimode core widths, e = ρ s /ρ m , and d to be the offset of the single-mode waveguide axis relative to the multimode waveguide axis normalised by the multimode core half-width ρ m .
4.1 1 × 2 and 1 × 4 MMD splitters Our aim here is to design a splitter with maximum spectral width of functionality. Since varying ρ m and varying the source wavelength λ are essentially equivalent, we now fix the value of ρ m for an appropriate range of wavelengths (around 1.5µm). We then select the optimised parameters e and d using Figs. 6(a) and 7(a) at V m = 0.75π for the 1 × 2 splitter and V m = 1.75π for the 1 × 4 splitter (i.e. at the mid-point of the spectral range for each plot). Fig. 8 shows the variation of the imbalance and excess loss for (a) the 1 × 2 MMD splitter, and (b) the 1 × 4 MMD splitter with wavelength. The spectral range corresponds to the V m -values for which the multimode region of the splitter is (a) 2-moded, and (b) 4-moded. It is clear that the performance of the 1 × 2 MMD splitter compares poorly with that of existing 1 × 2 splitters, which by symmetry would give zero imbalance. We will show later, however, that this device displays more suitable characteristics for application as a low-power tap.
1 × 4 MMI splitter
For the purpose of comparison with the 1 × 4 MMD splitter, we consider a 1 × 4 MMI splitter functioning by restricted interference. This provides the best results of imbalance and excess loss [6] . Fig. 9 shows the imbalance and excess loss at the output of a 1 × 4 MMI splitter as functions of the wavelength. The spectral range corresponds to the V m -values for which the multimode region of the splitter has eight even modes, and hence is reduced by roughly a factor of two compared with the 1 × 4 MMD splitter. The performance of the 1 × 4 MMD splitter shown in Fig. 8(b) shows lower excess loss across most of the spectral range, although the imbalance is somewhat higher.
1 × 2 low-power tap
The performance of the low-power tap in Fig. 3 Figure 10 shows the fraction of the power exiting through the second channel, and the excess loss for this device as functions of the wavelength. The minimum excess of 0.07dB occurs at a wavelength of about 1.8µm, corresponding to a split of 2.5%.
Finite difference (FD) scheme
To study the device using a FD scheme, we must define the spatial dependence of the index profile of the multimode section and the four output channels as they split adiabatically as shown in Fig. 2 . The half-width of the multimode section, ρ m = 9.43µm, the half-width of the input channel and the four output channels at CD in Fig. 2, ρ i = 2.36µm . The half-widths of the four output channels at AB in Fig. 2 are  1.77, 2 .17,2.55, and 2.94µm respectively (following the optimal ratio of widths given in [3] ). The four output channels are tapered to the appropriate output channels widths (ρ i ) as the cube of the distance along the waveguide over a total distance of 30mm. This is to limit coupling between the output channels affecting the splitting when the four output channels become comparable in width. The output channels are separated from each other as the square of the distance along the device to a maximum separation of 20µm between adjacent channels.
The spectral response of the device is plotted in Fig. 11(a) . The results differ slightly from the modal analysis plotted in Fig. 8(b) due to coupling between the output channels. To further illustration the function of the device, the field intensity along the 1 × 4 MMD splitter at λ = 1.52µm, is plotted in Fig. 11(b) .
Summary
We have demonstrated the use of mode demultiplexing for splitting a single-mode channel into four single-mode channels with minimum excess loss and imbalance. Compared with a 1 × 4 MMI device, the 1 × 4 MMD device exhibits comparable excess loss and imbalance, with a wider spectral range of operation. We have also demonstrated the use of a 1 × 2 MMD device and for application as a low-power single-mode tap. 
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